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Lineage Analysis in Pulmonary Arterial Hypertension

Final Report 2013

INTRODUCTION:

Human Idiopathic Pulmonary Arterial Hypertension (IPAH) is characterized by neointimal vascular
occlusion of the pulmonary microcirculation. Relentless elevations in pulmonary arterial pressures
lead to death due to right ventricular failure '. The pathology of PAH is characterized by abnormal
expansions of neointimal cells expressing smooth muscle actin .

There are few data on strategies that suppress neointimal formation being used to treat pulmonary
hypertension ®. The current medical management of PPH is directed at vasodilatation rather than the
prevention of endothelial proliferation and neointimal formation. Prostacyclin may have beneficial
effects on vascular remodeling, because some patients who do not demonstrate a vasodilator
response to prostacyclin, appear to benefit from its use 456 A number of new agents, including
simvastatin, hold the potential to attenuate disease progression * &.

The pathogenesis of PAH involves 1) pulmonary vasoconstriction, 2) inappropriate proliferation of
vascular cells in the intima and media, 3) inflammation and 4) thrombosis in situ ° '°. All of these
mechanisms may contribute to the development of PAH. The hypothesis of pulmonary
vasoconstriction leading to medial hypertrophy and pulmonary hypertension was accepted for many
years because of its intuitive similarity to the mechanism of development of systemic hypertension.
Vasoconstriction associated with increased calcium influx contributes to smooth muscle hypertrophy
in response to chronic hypoxia ' °.

Inappropriate hypertrophy and proliferation of cells within small pulmonary arterioles of patients with
PAH is evident by analysis of the pathologic plexiform and concentric obliterative lesions that are
characteristic of this disease. The lumens of small pulmonary arteries are diffusely narrowed by
neointimal proliferation that consists of dedifferentiated vascular smooth muscle cells, myofibroblasts
and endothelial cells '* ', At the level of small pulmonary arteries, the occlusion by neointimal
formation significantly exceeds muscularization of the medial component of the vessel wall.

Familial PPH occurs in about 10% of patients, and manifests an identical pathphysiology to sporadic
PPH ' 2. Recently, Deng et al. '* and Lane '° identified Bone Morphogenetic Protein Receptor Type I
(BMPR2), located on the chromosome 2q33 as the genetic basis of familial PPH. Nearly 80% of
patients with familial PAH have now been demonstrated to carry mutations in the BMPR2 gene. BMP
receptors transduce antiproliferative signals to the nucleus through Smad proteins '” 8. Thus, familial
PAH appears to arise from the loss of an antiproliferative signal or differentiating signal transmitted
through the BMP signaling pathway. The important implications from this genetic discovery are that
idiopathic PAH and anorexigen-induced PAH, may also arise from loss of antiproliferative signals.
BMPR2 expression in the normal human lung is greatest in pulmonary endothelial cells, including
microvascular ECs. Notably, lung specimens from patients with PPH and secondary PH showed
marked attenuation of expression of BMPR2 in the pulmonary endothelium, with the greatest
decreases observed in those patients who carried mutations in BMPR2 predicted to interfere with
protein expression '°.

The identity of the neointimal cells that occlude the lumens of small pulmonary arteries causing
pulmonary hypertension remains a question of great significance. Based on the expression of smooth
muscle actin (SMA), the neointimal cells have been traditionally considered to derive from the medial
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wall vascular smooth muscle cells, through a process of dedifferentiation. An alternative explanation
was that the neointimal cells represented myofibroblasts that arose from differentiation of migrating
adventitial fibroblasts ?°.  Neointimal cells that derived from the bone marrow were shown to
incorporate into the wall of wire-injured systemic arteries, but no bone marrow-derived neointimal
cells were observed in the pulmonary vascular lesions in monocrotaline-injected rats 2"

Endothelial to mesenchymal transition refers to the process in which a cell releases cell-to-cell
contacts, loses polarity and undergoes remodeling of the cytoskeleton. Concurrent with the loss of
endothelial antigens such as vVWF, VE-Cadherin and PECAM, the cell will increase its expression of
SMA and PDGF receptor ?°. Arciniegas has been a pioneer in describing EnMT during normal
development of the aorta and pulmonary artery in chick. The experiments are technically challenging
because they depend on the ability to co-immunostain individual cells that are increasing SMA
expression while decreasing expression of VWF or CD31. This lineage transition is a dynamic
process and the experimental challenge is to capture the cells undergoing EnMT at the brief moment
when there is simultaneous coexpression of different lineage markers.

Voelkel and Tuder described that plexiform lesions in human IPAH showed expression of the
endothelial antigen VWF, and this discover¥ led them to propose that PAH represents a disease of
monoclonal expansion of endothelial cells *. Other investigators and pathologists did not uniformly
embrace this paradigm, because the vast majority of vascular lesions with neointima express SMA
but no endothelial antigens. One way to reconcile Voelkel and Tuder’s theory of PAH pathogenesis
with the absence of endothelial antigens in the majority of neointimal cells, is to consider that
neointimal cells may originally have been derived from endothelial progenitor cells that underwent
endothelial to mesenchymal transition 20 In this proposal we aim to examine this question by using
genetic lineage marking to permanently identify endothelial cells in the pulmonary microcirculation.
Mice with endothelial cells permanently marked by expression of green fluorescent protein (GFP)
reporter transgene will be subjected to our mouse model of pulmonary hypertension that produces
neointimal lesions. If we detect GFP -labeled cells in the neointima, then we will have demonstrated
unequivocally, that neointimal vascular occlusion in pulmonary hypertension can involve contributions
from resident lung microvascular endothelial cells.

Endothelial to mesenchymal transitions have been shown to be strongly regulated by Notch signaling
2 Transduction of microvascular endothelial cells with activated Notch-1 intracellular domain (Notch-
1 ICD) caused a dramatic change in morphology, new expression of SMA, fibronectin, PDGFR and
substantial downregulation of expression of VE-cadherin, PECAM-1 and Tie-2. Here we propose to
examine whether Notch-1 activation is detected in neointimal cells during the development of
pulmonary hypertension. If we demonstrate that Notch-1 activation contributes to neointimal
formation, we will test whether inhibitors of Notch activation, gamma secretase inhibitor, may
suppress neointimal formation and pulmonary hypertension.



BODY:

Hypothesis: Pulmonary vascular injury triggers proliferation of lung microvascular endothelial
progenitor cells capable of restoring the microvascular endothelium or undergoing endothelial to
mesenchymal transition into smooth muscle actin (SMA)-expressing neointimal cells that occlude the
microcirculation, and regulation of this fate involves Notch-1 signaling.

Aim 1: Determine how endothelial to mesenchymal transition may contribute to neointimal
vascular occlusion in pulmonary hypertension using genetic lineage marking in mice. Mice
with endothelial-specific expression of Cre recombinase (Tie-2 Cre) will be intercrossed with reporter
mice (Rosa26R Floxed Stop lacZ) to permanently label cells of endothelial lineage. Subsequently,
mice will undergo pneunomectomy followed one week later by intravenous injection of monocrotaline
pyrrole. The fate of lacZ-expressing cells will be correlated with immunofluorescent staining of
endothelial marker CD31, mesenchymal marker SMA and proliferation marker BrdU. We anticipate
demonstrating that lac-Z positive cells of endothelial lineage express SMA during development of
pulmonary hypertension.

Aim 2: Characterize how Notch signaling regulates endothelial to mesenchymal transition.
Cells actively expressing Notch-1 intracellular domain (Notch1-ICD) will be detected by alpha-VLLS
immunostaining. Expression of active Notch1lC will be correlated with cellular expression of
endothelial and mesenchymal markers. Gamma secretase inhibitors of Notch activation will be
evaluated for efficacy in suppressing EnMT, neointimal vascular occlusion and pulmonary
hypertension in mice. We anticipate that inhibition of Notch signaling may represent a novel
therapeutic approach to prevent and reverse pulmonary hypertension.

RESULTS:

Experimental pulmonary hypertension in mice: In the pilot study, four wild-type C57BI/6 male
mice underwent left pneumonectomy on Day O and jugular vein injection of synthetic MCTP in DMF
(20 pg/g) on Day 7 (P/IMCTP). Serial measurements of RVSP showed development of pulmonary
arterial hypertension by Day 35 (Figure 1A). Mice were sacrificed at Day 42 for organ harvest and
histopathology (Figure 2). Compared to Control mice (Figure 2A,B), pneumonectomized mice
injected with MCTP demonstrated substantial narrowing of peribronchiolar and intraacinar pulmonary
arteries associated with both medial hypertrophy and neointima formation (Figure 2C,D). Smooth
muscle a-actin (SMA) expression determined by immunohistochemistry was prominent throughout
the vascular lesions (Figure 2E,F).

In the main physiology study, 42 twelve-week old, male C57BI/6 mice (body weight 24-28g) were
studied in five groups: Group C served as a reference control, Group V received DMF vehicle on Day
7 (1ul/g), Group P underwent left pneumonectomy on Day 0, Group MCTP received injection of
MCTP in DMF (20pg/ul)(1ul/g) on Day 7 and Group P/MCTP received left pneumonectomy on Day 0
followed by injection of MCTP in DMF (20pg/pl)(1pl/g) on Day 7. The mice underwent hemodynamic
measurements and sacrifice on Day 35 (Figure 1C). Mice that underwent pneumonectomy alone,
Group P, showed RVSP similar to Group V and Group C (28 + 1, 25 + 2 and 24 = 2mmHg). Mice that
received injection of MCTP alone, Group MCTP, showed higher RVSP (41 + 9 mmHg). Of the four
groups, mice in Group P/MCTP had the highest RVSP (54 + 5§ mm Hg). The development of right
ventricular hypertrophy correlates with the severity of pulmonary hypertension, and is presented as
Fulton's index, RV/(LV&S) (Figure 1D). Mice in Group MCTP showed greater RV hypertrophy than
mice in Group V (0.36 = 0.09 vs. 0.29 = 0.03). Mice in Group P/MCTP demonstrated the highest
RV/(LV&S) ratio (0.55 = 0.07).
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Figure 1. Experimental pulmonary
hypertension in mice. A) Pilot study:
Time course of development of
pulmonary hypertension in
pneumonectomized mice injected with
monocrotaline pyrrole (P/MCTP, n = 4,
serial measurements). B) Vascular
narrowing  analysis of  neointima
formation in pilot study, Control versus
P/MCTP mice sacrificed at Day 42 (n =
4). Main study: Group Control (n = 6),
Group Vehicle (DMF, n = 6), Group P
(Pneumonectomy, n = 6), Group MCTP
(n = 12), Group P/MCTP (n = 12). C)
Right Ventricular Systolic Pressure
(RVSP) at Day 35, D) Right Ventricular
Hypertrophy (RV/LV&S, Fulton's index)
at Day 35. ** p < 0.01 by ANOVA, * p <
0.05 by t-test.

Figure 2. Histopathology of
experimental pulmonary hypertension
in pneumonectomized mice injected
with monocrotaline pyrrole. A, B)
Normal muscular pulmonary artery (PA)
adjacent to  bronchiole (Br) A)
hematoxylin and eosin stain (H&E), B)
elastin-van Gieson stain (EVG). C, D)
Peribronchiolar pulmonary arteries in
P/MCTP mice demonstrate medial
hypertrophy and neointima formation (C,
H&E; D, EVG; Internal elastic lamina
(IEL) is marked). E, F) Smooth muscle a-
actin immunostaining of peribronchiolar
pulmonary arteries (E) and intraacinar
pulmonary artery (F) in P/MCTP mice.
Objective magnification x 40.



Aim 1: Genetic lineage marking and confocal microscopy: Dual fluorescent Cre recombinase reporter
mice, ROSA26R mT/mG, were intercrossed with transgenic endothelial Cre driver mice, VE-Cadherin
Cre # or Tie-2 Cre %, and progeny were genotyped to identify the mice that carried both Cre and
GFP. These mice demonstrated strong red fluorescence in un-recombined cells, and strong green
fluorescence in vascular structures (Figures 3-7). The use of mT/mG reporter mice represented an
enhancement over the original proposal to study ROSA26R floxed STOP lacZ mice, and was
approved by the IACUC. The fidelity of VE Cad Cre-directed endothelial genetic lineage marking in
Control mice (indicated by GFP labeling in green, Figure 3A,C,D,F) was assessed by
immunostaining of endothelial antigens, VE—Cadherin (Figure 3B,C, cyan) and CD31 (Figure 3E,F,
cyan). Endothelial immunostaining co-localized over green endothelial genetic-lineage marked cells,
and did not co-localize over red cells (Figure 3C,F). The strong expression of membrane-targeted
GFP that outlined the recombined cells provided greater clarity than antigen staining for identifying
cells that expressed an endothelial phenotype.

A Cont VE\Cad Cre --> GFP D Cont™ VE Cad Cre --> GFP

Figure 3. VE-Cad endothelial genetic
lineage marking correlates with
endothelial antigen expression.
(A,C,D,F) Vascular Endothelial Cadherin
(VE-Cad) Cre recombinase transgenic
mice intercrossed with dual fluorescent
mTomato/mGFP Cre reporter mice
exhibit endothelial cells with expression
of membrane targeted GFP (green).
Membrane-targeted  dTomato  (red)
marks non-endothelial cells. Nuclei are
labeled with DAPI (blue). (B,C)
Immunostaining for VE-Cadherin (cyan)

and merged with A. (E,F)
- Immunostaining for CD31 (cyan) and
C Cont ' VECad Cre --> GFP . F Cont~™ VE:Cad Cre --> GFP merged with D. Sing|e 1 uM confocal




Induction of experimental pulmonary hypertension with neointima reveals contribution by GFP-
marked cells of endothelial genetic lineage: VE-Cad Cre x mT/mG mice were analyzed as Controls or
were subjected to the model of experimental pulmonary hypertension that induces neointima
formation (P/MCTP). The MCTP used in the study of fluorescently labeled mice had been stored at -
80°C for 7 years, and we found it to be less potent than previously observed in our main physiology
study (Figure 1,2). The fluorescently-labeled pneumonectomized mice injected with MCTP (20ug/g)
developed moderate pulmonary hypertension (RVSP ~40 mmHg) over a period of 7-10 weeks. The
confocal images (Figure 3-7) are obtained from representative pulmonary hypertensive mice with
endothelial genetic lineage marking.

A representative small pulmonary artery of a Control mouse viewed in cross-section (Figure 4A)
demonstrated thin GFP-labeled cells lining the lumen consistent with endothelial genetic lineage and
phenotype, and adjacent, rectangular dTomato-labeled cells with intracellular fibrillar structures
suggestive of a smooth muscle phenotype. Immunostaining for SMA (Figure 4B, cyan) demonstrated
colocalization with a subset of GFP endothelial-lineage marked cells (Figure 4C).

Mice with pulmonary hypertension exhibited neointima formation with contribution from GFP
endothelial genetic lineage-marked cells (Figure 4D). Immunostaining for SMA (Figure 4E, cyan)
demonstrated augmented luminal expression of SMA with some globular domains, predominantly
colocalizing with GFP endothelial lineage-marked cells in the neointima (Figure 4F).

VE Gad Cre'*> GFP

.
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Figure 4. VE-Cad endothelial genetic
lineage marking in controls and mice
with experimental pulmonary
hypertension, and colocalization with
a-SMA expression.

(A,C,D,F) VE-Cad Cre x mT/mG mice
marks endothelial cells (green) and non-
endothelial cells (red); nuclei are stained
with DAPI (blue). (B,C,E,F)
Immunostaining for a-SMA expression.
(A-C) Control mouse (D-F)
Pneumonectomized mouse injected with
monocrotaline pyrrole  to induce
development of experimental pulmonary
hypertension with neointima, PH. C)
Merge of A and B demonstrates limited
colocalization of endothelial genetic

G Cont™ WE Cad Cre =3 GRRui ¥i7% 1 VE dad Gifid> GFP / lineage marking with a-SMA expression
b oabaiid y £ ol in Control mouse. F) Merge of D and E
A W I N : demonstrates increase in colocalization

of endothelial lineage marking with a-
SMA expression in P/MCTP mouse.
Single 1 uyM confocal optical sections are
presented. Objective magnification x 40.




Experimental pulmonary hypertension is associated with induction of smooth muscle gene
expression, including SM-MHC, in neointima. A distinguishing feature of pulmonary arterial
hypertension, and certain experimental models, is the expression of SMA in the neointima. Control
and pulmonary hypertensive mice (PH) were analyzed for expression of smooth muscle myosin
heavy chain (SM-MHC), a gene with expression generally restricted to differentiated smooth muscle
cells. Control mice demonstrated thin GFP-labeled cells lining the lumen of a small pulmonary artery
consistent with an endothelial lineage and phenotype (Figure 5A). Immunostaining for SM-MHC
(Figure 5B, cyan) demonstrated a thin circumferential outline that partially colocalized with GFP
endothelial lineage-marked cells (Figure 5C). Induction of pulmonary hypertension (Figure 5D)
strongly augmented expression of SM-MHC (Figure 5E, cyan), which colocalized over neointimal
cells, a portion of which demonstrated GFP labeling indicating endothelial lineage of origin (Figure
5F).

VE Cad Cre --> GFPy f D PH VE Cad Cre --> GFP

)

Figure 5. VE-Cad endothelial

genetic lineage marking in
Controls and mice with
experimental pulmonary

hypertension, and colocalization
with SM-MHC expression.
(A,C,D,F) VE-Cad Cre x mT/mG
mice marks endothelial cells (green)
and non-endothelial cells (red);
nuclei are stained with DAPI (blue).
(B,C,E,F) Immunostaining for SM-
MHC expression. (A-C) Control mice
(D-F):  Pneumonectomized mice
injected with monocrotaline pyrrole to
induce development of experimental
pulmonary hypertension with
neointima, PH. C) Merge of A and B
| demonstrates limited colocalization
of endothelial genetic lineage
marking with SM-MHC expression in
F PH.. VE Cad Cre--> GFP Control mouse. F) Merge of D and E
demonstrates increase in
colocalization of endothelial lineage
marking with SM-MHC expression in
P/MCTP mouse. Single 1 uM
confocal optical sections are
presented. Objective magnification x
40.
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Other organs do not demonstrate colocalization of SMA with endothelial genetic lineage-marked cells.
In VE Cad Cre x mT/mG Control mice, careful examination of aorta (Figure 6A-C) and kidney
(Figure 6D-F) demonstrated GFP endothelial genetic lineage-marked cells distinctly separated from
SMA-immunostained cells. Thus, the partial colocalization of SMA with GFP endothelial lineage-
marked cells in Control mice appears restricted to a subset of small pulmonary arteries.

A Cont  VE Cad Cre --> GFP D Cont VE Cad Cre --> GFP

Figure 6. VE-Cad endothelial
genetic lineage marking in Control
mice and absence of
colocalization with a-SMA
expression in aorta and kidney.
(A,C,D,F) VE-Cad Cre x mT/mG
mice marks endothelial cells (green)
and non-endothelial cells (red);
nuclei are stained with DAPI (blue).
(B,C,E,F) Immunostaining for a-SMA
expression. (A-C) Aorta in transverse
section. (D-F) kidney showing
glomerulus and tubule. C) Merge of
A and B demonstrates absence of
colocalization of endothelial lineage
marking and o-SMA expression. F)
Merge of D and E demonstrates
absence  of colocalization  of
endothelial lineage marking and o-
SMA  expression. Single 1uM
confocal optical sections are
presented. Objective magnification x
40.

VE Cad Cre --> GFP F Cont VE Cad Cre 5> QFP

Endothelial lineage marking directed by Tie-2 Cre also labels the neointima in experimental
pulmonary hypertension. Tie-2 Cre x mT/mG Control mice demonstrated green GFP labeling
circumferentially outlining a small pulmonary artery (Figure 7A). Immunostaining for SMA (Figure
7B, cyan) demonstrated labeling that predominantly colocalized with GFP endothelial lineage-marked
cells (Figure 7C). Induction of experimental pulmonary hypertension (Figure 7D-l) was associated
with neointima formation that partially occluded the lumens with GFP endothelial lineage-marked cells
(Figure 7D, G). Immunostaining for SMA (Figure 7E, cyan) demonstrated expression in the
neointima with colocalization with GFP endothelial lineage-marked cells (Figure 7F). Immunostaining
for SM-MHC (Figure 7H, cyan) demonstrated expression in the neointima with colocalization with
GFP endothelial lineage-marked cells (Figure 71).
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Figure 7. Tie-2 genetic lineage marking in controls and mice with experimental pulmonary hypertension, and
colocalization with a-SMA expression. (A,C,D,F,G,I) Tie-2 Cre x mT/mG mice marks endothelial cells (green) and
non-endothelial cells (red); nuclei are stained with DAPI (blue). (B,C,E,F) Immunostaining for a-SMA expression. (H,l)
Immunostaining for SM-MHC expression. (A-C) Control mouse. (D-I) PMCTP mouse with neointima, PH. C) Merge of
A and B demonstrates limited colocalization of endothelial genetic lineage marking with a-SMA expression in Control
mouse. F) Merge of D and E demonstrates increase SMA expression with colocalization with endothelial lineage-
marked cells in P/MCTP mouse. |) Merge of G and H demonstrates colocalization of endothelial lineage marking with
SM-MHC expression in PIMCTP mouse. Single 1 uM confocal optical sections are presented. Objective magnification

x 40.

Conclusions: We tested the hypothesis that neointima formation in experimental pulmonary
hypertension originates from the endothelial genetic lineage. We developed a mouse model of
pulmonary hypertension that involves surgical left pneumonectomy followed one week later by jugular
vein injection of synthetic MCTP. Beginning at 35 days, mice exhibit pulmonary hypertension and
neointima formation with vascular narrowing. The quality of synthetic MCTP is important for the
success of this mouse model. In spite of these technical challenges, this model enables
characterization of cellular and molecular pathogenesis of pulmonary hypertension and neointima
formation in genetically modified mice.
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During endothelial differentiation the expression of Tie-2 precedes the expression of VE-Cadherin %,
Both VE-Cad Cre and Tie-2 Cre driver mice have been used to mark the endothelial lineage in
studies of mouse development. Permanent endothelial lineage marking directed by Tie-2 Cre
enabled the characterization of endothelial-to-mesenchymal transition in the atrioventricular canal of
the developing mouse heart %°. More recent fate-mapping studies of VE-Cad Cre ?° and Tie-2 Cre ¥’
recombination revealed lineage contributions of endothelial cells to hematopoietic stem cells. In
separate experiments, we used VE-Cad Cre and Tie-2 Cre driver mice, intercrossed with
mTomato/mGFP double fluorescent Cre reporter mice, to achieve permanent labeling of the
endothelial lineage with membrane-targeted GFP. The lungs were perfused free of blood, and we did
not observe significant evidence of GFP-labeled hematopoietic cells in our microscopy sections.
Following induction of experimental pulmonary hypertension, we observed that the neointimal cells
were predominantly green, consistent with an endothelial lineage of origin. Our results using genetic
recombination for endothelial fate mapping in pulmonary hypertension support earlier inferences of
endothelial contribution to the neointima based on morphology ?%, concurrent immunostaining of VWF
and SMﬁ\1 antigens ?° and clonal analyses of microdissected plexiform lesions expressing Factor VIII
antigen .

The neointimal cells, which we interpret to be derived substantially from the endothelial genetic
lineage, demonstrated expression of smooth muscle genes, SMA and SM-MHC. Endothelial cells are
known to activate expression of SMA during vascular remodeling or in response to treatment with
TGF-B. In contrast, the expression of SM-MHC is believed to be essentially restricted to smooth
muscle cells ** ' with the exception of one report that bovine endothelial cells express SM-MHC
RNA *2. To our knowledge, our discovery that pulmonary artery cells of endothelial genetic lineage
activate expression of SM-MHC in neointimal lesions, is novel.

In this mouse model of experimental pulmonary hypertension, injury to pulmonary endothelial cells by
MCTP eventually leads to activation of a program of smooth muscle gene expression. Our studies
involved confocal microscopy using four distinct color channels, one of which was available for
immunostaining. We therefore were unable to perform simultaneous immunostaining for endothelial
and smooth muscle antigens within single cells in the neointima. We do not yet know at what rate an
injured pulmonary artery endothelial cell activates expression of smooth muscle genes, nor the rate at
which it may lose expression of endothelial genes. We do not know whether the neointima arises
from a small population of apoptosis-resistant pulmonary artery endothelial cells that proliferate after
injury to produce vascular narrowing, or whether many pulmonary artery endothelial cells are
permissive for activation of smooth muscle gene expression after injury.

Whether activation of smooth muscle gene expression in cells of endothelial lineage may be
suppressed or reversed is a question of critical importance. How the cellular milieu, including
modulation by perivascular inflammatory cells, affects neointima formation and induction of smooth
muscle gene expression in endothelial cells represent important areas for investigation. Novel
therapies for pulmonary arterial hypertension might include agents that promote the differentiated
endothelial phenotype and suppress activation of smooth muscle gene expression in small pulmonary
arteries after injury.

Aim 2: We did not undertake experiments to address this aim due to the challenges we encountered
in performing and interpreting the endothelial genetic lineage results.
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Continuing Studies:

Our results using endothelial genetic lineage-marking revealed that cells of endothelial genetic
lineage activate expression of smooth muscle genes, SMA and SM-MHC, during development of
experimental pulmonary hypertension.

An important next step is to determine whether the neointimal cells, which express high amounts of
SMA and SM-MHC, include any lineage contribution from differentiated vascular smooth muscle cells.
Our preliminary studies using the constitutive SM22 Cre driver mice intercrossed with mT/mG
reporter mice, showed that cells with SMA immunostaining generally demonstrated GFP-lineage
marking. This result can be interpreted in different ways: 1) that the smooth muscle lineage
contributes to the neointima or 2) that neointimal cells activating expression of SMA and SM-MHC
also likely activate expression of SM22, and SM22 Cre recombinase, producing genetic
recombination and GFP expression.

In order to distinguish between these alternatives, it is necessary to employ conditional, tissue-
specific Cre recombinase driver mice. These mice utilize a tissue specific promoter to drive
expression of Cre recombinase fused to the estrogen receptor. In the absence of tamoxifen, the
CreERT2 fusion protein is retained in the cytoplasm; only when tamoxifen is present does the
CreERT2 fusion protein translocate into the nucleus where it produces genetic recombination at loxP
flanked sequences (Figure 8). We received approval from IACUC and ACURO for new proposed
experiments employing conditional smooth muscle Cre driver mice, SMA-CreERT2 and SM-MHC
CreERT2 and obtained these mice with permission from the originating labs, facilitated by Dr. Mark
Krasnow's lab at Stanford.

| [ Figure 8. Strategy for conditional
LOXP'-—)‘_ LOXP{ mEGFP —x - genetic lineage marking. Tamoxifen
induces cytoplasmic to nuclear
translocation of the Cre recombinase-
2 ; Estrogen Receptor fusion which
recombination performs nuclear excision of loxP-
flanked mTomato and activates
mMmEGFP expression.

CreERT2+TAM

—ELoxP-mEGFP i 000000000

Adult mice that express SMA CreERT2 and mT/mG transgenes will receive daily injection of
tamoxifen for 7 days to activate GFP genetic lineage-marking of smooth muscle cells. Subsequently,
the mice will undergo pneumonectomy followed one week later by injection of MCTP to produce
experimental pulmonary hypertension. Mice will be characterized by RVSP monitoring and sacrificed
after 35 days when significant pulmonary hypertension is present. Histopathology with confocal
analyses of vascular narrowing and neointima formation will reveal the contribution from the smooth
muscle genetic lineage. Extrapolating from our results demonstrating substantial contribution from
the endothelial genetic lineage to the neointima (Figures 4,5,7), we anticipate that the smooth muscle
lineage will not contribute substantially to the neointima (expect red, not green neointima). Such a
result would confer support to our hypothesis that the neointima in pulmonary hypertension is derived
principally from the endothelial lineage. Furthermore, it would provide additional motivation to search
for novel therapies for pulmonary hypertension that suppress the expression of smooth muscle genes
in injured pulmonary artery endothelial cells.
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KEY RESEARCH ACCOMPLISHMENTS:

1) Successful endothelial genetic lineage marking in VE Cadherin Cre x mT/mG mice demonstrates
membrane-targeted GFP labeling of pulmonary vascular endothelial cells.

2) Novel discovery in Control mice that a subset of endothelial genetic lineage-marked mice
demonstrate expression of smooth muscle genes, SMA and SM-MHC.

3) Successful induction of experimental pulmonary hypertension in endothelial lineage-marked mice.
4) Successful demonstration that neointima lesions in pulmonary hypertension contain GFP
endothelial lineage-marked cells.

5) Successful demonstration that pulmonary hypertension is associated with induced expression of
SMA and SM-MHC in cells of endothelial genetic lineage.

6) Approvals granted for acquisition of conditional, smooth muscle lineage directed Cre recombinase
mice for planned experiments to characterize the contribution of the smooth muscle lineage to the
neointimal lesions in experimental pulmonary hypertension.

REPORTABLE OUTCOMES: Revised manuscript under review.

CONCLUSION: Our results demonstrate that the endothelial genetic lineage contributes to neointimal
vascular occlusion in experimental pulmonary hypertension.

Conditional, tissue-specific smooth muscle Cre driver mice are required to perform time-restricted

genetic lineage marking prior to the induction of experimental pulmonary hypertension. Approval for
these experiments has been obtained, and the experiments are in progress.

15



REFERENCES:

1.

2.

10.

11.

12.

13.

14.

15.

16.

17.

Lilienfeld DE, Rubin LJ. Mortality from primary pulmonary hypertension in the United States,
1979-1996. Chest. 2000;117:796-800
Yi ES, Kim H, Ahn H, Strother J, Morris T, Masliah E, Hansen LA, Park K, Friedman PJ.
Distribution of obstructive intimal lesions and their cellular phenotypes in chronic pulmonary
hypertension. A morphometric and immunohistochemical study. Am J Respir Crit Care Med.
2000;162:1577-1586
Gurubhagavatula I, Palevsky HI. Pulmonary hypertension in systemic autoimmune disease.
Rheum Dis Clin North Am. 1997;23:365-394
Higenbottam TW, Spiegelhalter D, Scott JP, Fuster V, Dinh-Xuan AT, Caine N, Wallwork J.
Prostacyclin (epoprostenol) and heart-lung transplantation as treatments for severe pulmonary
hypertension. Br Heart J. 1993;70:366-370
Barst RJ, Rubin LJ, Long WA, McGoon MD, Rich S, Badesch DB, Groves BM, Tapson VF,
Bourge RC, Brundage BH, et al. A comparison of continuous intravenous epoprostenol
(prostacyclin) with conventional therapy for primary pulmonary hypertension. The primary
pulmonary hypertension study group. N Engl J Med. 1996;334:296-302
Rich S, McLaughlin VV. The effects of chronic prostacyclin therapy on cardiac output and
symptoms in primary pulmonary hypertension. J Am Coll Cardiol. 1999;34:1184-1187
Kao PN, Faul JL. Emerging therapies for pulmonary hypertension: Striving for efficacy and
safety. J Am Coll Cardiol. 2003;41:2126-2129
Kao PN. Simvastatin treatment of pulmonary hypertension: An observational case series.
Chest. 2005;127:1446-1452
Fishman AP. Etiology and pathogenesis of primary pulmonary hypertension: A perspective.
Chest. 1998;114:242S-247S
Mandegar M, Fung YC, Huang W, Remillard CV, Rubin LJ, Yuan JX. Cellular and molecular
mechanisms of pulmonary vascular remodeling: Role in the development of pulmonary
hypertension. Microvasc Res. 2004;68:75-103
Yu AY, Shimoda LA, lyer NV, Huso DL, Sun X, McWilliams R, Beaty T, Sham JS, Wiener CM,
Sylvester JT, Semenza GL. Impaired physiological responses to chronic hypoxia in mice
partially deficient for hypoxia-inducible factor 1alpha. J Clin Invest. 1999;103:691-696
Tuder RM, Groves B, Badesch DB, Voelkel NF. Exuberant endothelial cell growth and
elements of inflammation are present in plexiform lesions of pulmonary hypertension. Am J
Pathol. 1994;144:275-285
Veyssier-Belot C, Cacoub P. Role of endothelial and smooth muscle cells in the
physiopathology and treatment management of pulmonary hypertension. Cardiovasc Res.
1999;44:274-282
Lee SD, Shroyer KR, Markham NE, Cool CD, Voelkel NF, Tuder RM. Monoclonal endothelial
cell proliferation is present in primary but not secondary pulmonary hypertension. J Clin Invest.
1998;101:927-934
Deng Z, Morse JH, Slager SL, Cuervo N, Moore KJ, Venetos G, Kalachikov S, Cayanis E,
Fischer SG, Barst RJ, Hodge SE, Knowles JA. Familial primary pulmonary hypertension (gene
pph1) is caused by mutations in the bone morphogenetic protein receptor-ii gene. Am J Hum
Genet. 2000;67:737-744
Lane KB, Machado RD, Pauciulo MW, Thomson JR, Phillips JA, 3rd, Loyd JE, Nichols WC,
Trembath RC. Heterozygous germline mutations in bmpr2, encoding a tgf-beta receptor, cause
familial primary pulmonary hypertension. The international pph consortium. Nat Genet.
2000;26:81-84
ten Dijke P, Korchynskyi O, Valdimarsdottir G, Goumans MJ. Controlling cell fate by bone
morphogenetic protein receptors. Mol Cell Endocrinol. 2003;211:105-113

16



18.
19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Massague J. How cells read tgf-beta signals. Nat Rev Mol Cell Biol. 2000;1:169-178

Atkinson C, Stewart S, Upton PD, Machado R, Thomson JR, Trembath RC, Morrell NW.
Primary pulmonary hypertension is associated with reduced pulmonary vascular expression of
type ii bone morphogenetic protein receptor. Circulation. 2002;105:1672-1678

Arciniegas E, Frid MG, Douglas IS, Stenmark KR. Perspectives on endothelial-to-
mesenchymal transition: Potential contribution to vascular remodeling in chronic pulmonary
hypertension. Am J Physiol Lung Cell Mol Physiol. 2007;293:L1-8

Sahara M, Sata M, Morita T, Nakamura K, Hirata Y, Nagai R. Diverse contribution of bone
marrow-derived cells to vascular remodeling associated with pulmonary arterial hypertension
and arterial neointimal formation. Circulation. 2007;115:509-517

Noseda M, Fu Y, Niessen K, Wong F, Chang L, McLean G, Karsan A. Smooth muscle alpha-
actin is a direct target of notch/csl. Circ Res. 2006;98:1468-1470

Alva JA, Zovein AC, Monvoisin A, Murphy T, Salazar A, Harvey NL, Carmeliet P, Iruela-Arispe
ML. Ve-cadherin-cre-recombinase transgenic mouse: A tool for lineage analysis and gene
deletion in endothelial cells. Dev Dyn. 2006;235:759-767

Koni PA, Joshi SK, Temann UA, Olson D, Burkly L, Flavell RA. Conditional vascular cell
adhesion molecule 1 deletion in mice: Impaired lymphocyte migration to bone marrow. J Exp
Med. 2001;193:741-754

Kisanuki YY, Hammer RE, Miyazaki J, Williams SC, Richardson JA, Yanagisawa M. Tie2-cre
transgenic mice: A new model for endothelial cell-lineage analysis in vivo. Dev Biol.
2001;230:230-242

Zovein AC, Hofmann JJ, Lynch M, French WJ, Turlo KA, Yang Y, Becker MS, Zanetta L,
Dejana E, Gasson JC, Tallquist MD, Iruela-Arispe ML. Fate tracing reveals the endothelial
origin of hematopoietic stem cells. Cell Stem Cell. 2008;3:625-636

Tang Y, Harrington A, Yang X, Friesel RE, Liaw L. The contribution of the tie2+ lineage to
primitive and definitive hematopoietic cells. Genesis. 2010;48:563-567

Heath D, Edwards JE. The pathology of hypertensive pulmonary vascular disease; a
description of six grades of structural changes in the pulmonary arteries with special reference
to congenital cardiac septal defects. Circulation. 1958;18:533-547

Arciniegas E, Ponce L, Hartt Y, Graterol A, Carlini RG. Intimal thickening involves
transdifferentiation of embryonic endothelial cells. Anat Rec. 2000;258:47-57

Owens GK, Kumar MS, Wamhoff BR. Molecular regulation of vascular smooth muscle cell
differentiation in development and disease. Physiol Rev. 2004;84:767-801

Miano JM, Cserjesi P, Ligon KL, Periasamy M, Olson EN. Smooth muscle myosin heavy chain
exclusively marks the smooth muscle lineage during mouse embryogenesis. Circ Res.
1994,75:803-812

Borrione AC, Zanellato AM, Giuriato L, Scannapieco G, Pauletto P, Sartore S. Nonmuscle and
smooth muscle myosin isoforms in bovine endothelial cells. Exp Cell Res. 1990;190:1-10

APPENDICES: None

17





